In plants and green algae, light is captured by the light-harvesting complexes (LHCs), a family of integral membrane proteins that coordinate chlorophylls and carotenoids. In vivo, these proteins are folded with pigments to form complexes which are inserted in the thylakoid membrane of the chloroplast. The high similarity in the chemical and physical properties of the members of the family, together with the fact that they can easily lose pigments during isolation, makes their purification in a native state challenging. An alternative approach to obtain homogeneous preparations of LHCs was developed by Plumley and Schmidt in 1987 1 , who showed that it was possible to reconstitute these complexes in vitro starting from purified pigments and unfolded apoproteins, resulting in complexes with properties very similar to that of native complexes. This opened the way to the use of bacterial expressed recombinant proteins for in vitro reconstitution. The reconstitution method is powerful for various reasons: (1) pure preparations of individual complexes can be obtained, (2) pigment composition can be controlled to assess their contribution to structure and function, (3) recombinant proteins can be mutated to study the functional role of the individual residues (e.g., pigment binding sites) or protein domain (e.g., protein-protein interaction, folding). This method has been optimized in several laboratories and applied to most of the light-harvesting complexes. The protocol described here details the method of reconstituting light-harvesting complexes in vitro currently used in our laboratory, and examples describing applications of the method are provided.
Introduction
The photosynthetic apparatus of plants and algae include integral membrane proteins that bind chlorophyll a (chl a), b (chl b) and carotenoids (car). These pigment-protein complexes are active in harvesting light energy and transferring that excitation energy to the reaction centers, where it is used to promote charge separation 2 . They are also involved in regulatory feedback mechanisms that protect the photosynthetic apparatus from high light damage 3, 4 . The light harvesting complexes (LHCs) are comprised of a large family of related proteins in plants and algae 5 .
The homogeneous purification of each member of the family has been complicated by the highly similar chemical and physical properties of the complexes. In addition, purification procedures often result in loss of pigments or other potential cofactors such as lipids. In vitro reconstitution represents a powerful method to overcome these problems. The LHC associated with Photosystem II (LHC-II) was first reconstituted in vitro by Plumley and Schmidt in 1987 1 . The researchers extracted delipidated protein and pigments separately from plant chloroplasts, and then combined the heat denatured protein with pigments in the presence of Lithium Dodecyl Sulfate (LDS), followed by three cycles of freezing and thawing 1 . They showed that the spectral properties of the reconstituted LHC complexes were very similar to complexes purified from plants. The ease of reconstituting LHC pigment-protein complexes, likely due to some inherent self-assembly feature, along with the difficulty in isolating purified complexes from organisms, led to the quick adoption of the method by other researchers. The reconstitution of photosynthetic proteins overexpressed in Escherichia coli (E. coli) was achieved by Paulsen and colleagues in 1990 6 . In E. coli, overexpressed membrane proteins are typically contained in inclusion bodies, which facilities their purification. Reconstitution is achieved through heat denaturation of the inclusion bodies containing recombinant protein in the presence of LDS, followed by the addition of pigments which initiates the protein folding. Folding of the LHCII complex is a two-step process: first, chlorophyll a is bound in less than 1 min; second, chlorophyll b is bound and stabilized over several minutes 7 .
In addition to providing insight into the folding dynamics, in vitro reconstitution combined with site-directed mutagenesis has allowed the identification of specific amino acids important for stability (e.g., 8, 9 ) or pigment coordination (e.g., 10 ). Manipulation of refolding conditions by adjusting parameters such as pigment composition or detergents have also identified elements critical for proper folding, such as the requirement of Xanthophylls for the LHCII complex (e.g., 1, 11 ). In addition, investigation of the properties of individual pigments bound to the complexes has been possible using complexes reconstituted in vivo (e.g.,
The method described here begins with isolation of pigments (chlorophylls and carotenoid) from spinach and the green alga Chlamydomonas reinhardtii. The expression and purification of a LHC protein from E. coli in the form of inclusion bodies is then detailed, followed by the reconstitution of LHC and subsequent purification by Ni affinity column. In the final step, the reconstituted complexes are further purified by sucrose gradient centrifugation to remove free pigments and unfolded apoprotein. This protocol represents an optimized procedure incorporating several modifications that have been introduced by different laboratories over time 1, 6, 10, [12] [13] [14] .
Protocol

Total Pigment Extraction from Spinach Leaves
1. Homogenize one handful of spinach leaves (~20 g) in 100 ml of cold Grinding Buffer (see Table 1 ) using a blender for 20 sec. 2. Filter the solution through a two layers of nylon cloth with a pore diameter of 20 μm and centrifuge the filtrate at 1,500 x g for 10 min at 4 °C. 3. Resuspend the pellet containing the chloroplasts with a soft artists paint brush in 1 ml of cold Wash Buffer (see Table 1 ). Once the pellet is resuspended, add 50 ml of Wash Buffer and centrifuge the solution at 10,000 x g for 10 min at 4 °C. 4. Remove the supernatant and gently resuspend the pellet (thylakoids) in 50 ml of Wash Buffer (see Table 1 ). 5. Centrifuge the solution at 10,000 x g for 10 min at 4 °C and remove the supernatant completely. At this point, carry out the following steps in the dark, to avoid pigment oxidation. 6. Add ~20 ml of 80% acetone buffered with Na 2 CO 3 (see Table 1 ) to extract the pigments. Leave the solution on ice for 10 min, vortexing occasionally. 7. Pellet the cellular components by centrifugation at 12,000 x g for 15 min at 4 °C.
NOTE: If the pigments are not totally extracted, the pellet will have a green color and step 1.6 should be repeated. . culture at 4,000 x g for 15 min at 4 °C. 4. For total pigment extraction, follow steps 1.6 to 1.15. 5. The yield of total pigment extract starting from 500 ml of full growth culture of C. reinhardtii is around 5 ml of solution with a concentration of 0.5 mg chl a+b / ml. 6. For carotenoids extraction, follow steps 2.2 to 2.12.
Extraction of Carotenoids from Spinach
Total Pigment and Carotenoid Extraction from
Purification of Inclusion Bodies
1. Clone the coding sequence of the LHC protein of interest into an expression vector that results in a fused C-terminal His tag using standard molecular biology procedures. Transform this construct into E. coli host strain such as BL21 (DE3). 2. Prepare Lysis buffer, Detergent buffer, Triton buffer, TE ( Table 1) , 1 M Isopropyl β-D-1-thiogalactopyranoside (IPTG) and LB medium 18 with the appropriate antibiotics. 3. Pick a single E. coli colony containing the expression clone from a freshly streaked plate into ~5 ml of LB medium with the appropriate antibiotics using standard procedures 6 . Grow at 37 °C with 220 rpm agitation for at least 16 hr. 4. Add 2.5 ml of the O/N culture into a 1 L Erlenmeyer flask with 250 ml of LB supplemented with the appropriate antibiotic. 5. Grow the cells for 2-3 hr (or until the OD 600 is ~0.6) at 37 °C at 220 rpm. 6. Add IPTG to a final concentration of 1 mM. Continue to grow the cells at 37 °C with 220 rpm 3-4 hr. 7. Centrifuge the culture for 10 min at 5,000 x g at 4 °C in a pre-weighed centrifuge tube. Discard the supernatant thoroughly and determine the weight the pellet by weighing again and subtracting the centrifuge tube weight. 8. Resuspend the E. coli cell pellet in 0.8 ml/g of Lysis buffer by vigorous vortexing.
NOTE: Alternatively, the cell pellet can be frozen at -80C for later use. If starting with a frozen pellet, allow to thaw completely before adding the lysis buffer. 9. Add 2 mg of lysozyme per gram of cells, and incubate on wet ice with occasional vortexing for 30 min. 10. Add 20 μg/ml DNAse, 10 mM MgCl 2 , 1 mM NaCl, 20 µg/ml RNAse. Vortex and put on ice for 30 min. 11. Add 2 ml of cold Detergent buffer per gram of cells. Mix well and keep RT for 5 min. 12. Transfer to 2 ml centrifuge tubes (split into two tubes if necessary). Centrifuge for 10 min at 12,000 x g at 4 °C to pellet the inclusion bodies. 13. Add 1 ml of cold Triton buffer and completely resuspend the pellet by sonification (3 pulses x 5 sec x 50% power with 20 sec intervals).
NOTE: Have the tube in a small beaker surrounded by ice water to keep it cold during the sonification. In the case of multiple tubes, combine the resuspended inclusion bodies into one tube after resuspension. 14. Centrifuge for 10 min at 12,000 x g at 4 °C to pellet the inclusion bodies. 15. Repeat step 4.13 and 4.14 two times. 16 . Resuspend the inclusion bodies in 1 ml of cold TE with sonification for a final wash to remove the Triton buffer. Centrifuge for 10 min at 12,000 x g at 4 °C to pellet the inclusion bodies. 17. Resuspend the pellet in 1 ml of cold TE by sonification. 18. Assess the protein concentration by standard methods such as the Bradford assay 19 . Store aliquots of the inclusion bodies at -20 °C.
Reconstitution
This protocol typically yields 1-2 ml of reconstituted protein with an OD of 4 when absorbance is measured in the Qy region (600-750 nm). Quantity can be adjusted as desired, although care should be taken to maintain the proper ratios during the procedure.
1. Prepare the following solutions as described in Table 1 
Sucrose Gradient Centrifugation
1. Prepare the following solutions as described in Table 1 : Sucrose solution, 0.06% β-DM, 0.01 M HEPES, pH 7.6. 2. Fill ultracentrifuge tubes with the sucrose solution and freeze at -20 °C O/N or -80 °C for at least 1 hr. 3. Remove the tube from freezer and allow to thaw undisturbed at 4 °C. NOTE: The freeze/thaw process creates a gradient from 0.1 to 1 M sucrose. A 15 ml tube typically thaws in about 3 hr. 4. Carefully remove from the top the same volume as the green fraction eluted from the nickel Sepharose column in step 6.8. Then load the reconstituted sample on top slowly to avoid disturbing the gradient. 5. Balance tubes and spin at 200,000 x g at 4 °C in an ultracentrifuge using a SW-41 or SW-60 swinging bucket rotor for 18 hr, set to slow acceleration and stopping without brakes. 6. Carefully take out the gradient from the tube holder with forceps. Use a syringe with a long needle that has a blunt opening to collect the fraction from the top. NOTE: Alternately, collect fractions from the bottom by piercing the tube with a needle and collecting drops.
Representative Results
This protocol details a method to reconstitute chorophyll a/b binding proteins in vitro.
This technique permits the folding of these pigment-protein complexes in vitro starting from the apoprotein, which can be obtained by overexpression in a heterologous system, and pigments extracted from plant or algae. After reconstitution, the refolded pigment-protein complex is purified from the excess of pigments and the unfolded apoprotein in two steps. The first step (Figure 1 A-B) is based on the presence of His-tag at the C-terminal of the protein, which permits the removal of large part of the unbound pigments. The second purification step utilizes sucrose density gradient centrifugation, (Figure 2) where the unfolded protein usually migrates slower than the green band containing the reconstituted protein. The goal of the reconstitution in vitro is to obtain complexes with the same properties as the native ones. To illustrate this outcome, the spectroscopic properties of an in vivo light-harvesting complex is compared with the same LHC complex reconstituted in vitro 13, 20, 21 . The absorption spectrum of the LHCs in the visible range (350 nm and 750 nm) depends on the pigment composition of the complex, as well as on the pigment's environment (which includes the protein) and it is thus a sensitive tool to check the quality of the reconstitution. In Figure 3 , the absorption spectrum of CP24, a chlorophyll a/b binding protein from Arabidopsis thaliana, reconstituted in vitro, is compared with the spectrum of the same complex purified from Arabidopsis thylakoids 21 . In the spectra, it is possible to recognize the Qy and the Soret transition of Chl a (peaks at 671/439 nm) and Chl b (peaks at 649/466 nm). The native and reconstituted complexes show identical absorption spectra, indicating a virtually identical pigment composition and organization. Fluorescence spectroscopy can be used to assess the quality of the reconstituted complex. The fluorescence emission spectra is measured upon excitation at different wavelengths, which excite preferentially different pigments: Chl a at 440 nm, Chl b at 475 nm, and Xanthophylls at 500 nm. In a properly folded protein-pigment complex, Chl b and Xanthophylls transfer their excitation energy primarily to Chl a within a few picoseconds, and the fluorescence originates from a thermally equilibrated system resulting in a single peak with the same shape and maxima at all three excitation wavelengths (Figure 4A-B) . The presence of Chl b not coordinated to the protein can be recognized by an additional peak or shoulder around 650 nm upon 475 nm excitation ( Figure 4C) . The presence of free Chl a instead leads to additional emission around 675 nm, which is mainly present upon 440 nm excitation. The fluorescence emission spectra upon 475 nm excitation of both reconstituted and the native CP24 complexes ( Figure 4D) show a single peak at 681 nm, indicating that reconstituted complex is correctly folded. An additional confirmation that the pigment-protein complex is correctly reconstituted comes from circular dichroism (CD) measurements. The CD signal in the visible region depends on the excitonic interactions between pigments and it is thus very sensitive to even small changes in the organization of the chromophores 22 . Figure 5 shows the CD spectra of reconstituted and native CP24, with the typical fingerprint peaks at 681 nm, 650 nm and 481 nm. In conclusion, the high similarity between the spectroscopic properties of native and the reconstituted CP24 confirms that the reconstitution procedure yields native-like complexes suitable for in vitro study of light-harvesting proteins. 
Discussion
Membrane proteins are not so easy to study. Isolation of native membrane proteins is complicated by the need to solubilize the lipid bilayer with detergents, which can damage the protein and remove essential cofactors. These proteins might also be present at low levels in biological membranes, or be mixed with closely related proteins, as in the case of the light harvesting complexes, that makes purification of single complexes difficult. Heterologous protein expression in E. coli and in vitro reconstitution offers the possibility to avoid these problems. In vitro reconstitution and purification of folded proteins results in complexes that possess characteristics very similar to those of the native complexes 20, 21, 23 and thus can be used to study complexes that cannot be purified to homogeneity [24] [25] [26] [27] . This method uses spinach, which is easily attainable year-round, as a source for the total pigment and carotenoid preparations. For some reconstitutions of proteins native to algae, use of pigments purified from algae is preferred due to different pigment compositions. The Chl a/b ratio and Chl/car ratio remains the same regardless of pigment source.
It is important to realize that the efficiency of the reconstitution is usually around 35%
28
. Thus it is necessary to remove the non-bound pigments and the unfolded apoprotein from the solution after the reconstitution. A two-step purification protocol is presented in this protocol (see also results). However, it should be noted that the sucrose gradient step does not allow the complete separation of apo-and holo-protein. For most analyses this is not a problem, as the apoprotein does not contain pigments and thus does not interfere with the functional measurements. However, in case it is necessary to fully remove the apoprotein from the fraction containing the reconstituted complex (for example, to calculate the pigment to protein stoichiometry), an anionic exchange column can be used (see Passarini et al. 2009 29 for details).
The capacity to refold recombinant light harvesting proteins with isolated pigments in vitro provides an opportunity to "manipulate" the complexes by modifying the reconstitution "environment" in various ways, thereby changing the characteristics of the resulting complex. For example, changing the pigment composition during reconstitution can result in a complex with altered pigment composition. This feature can be utilized to study the influence various pigments have on the structure and stability of the complex. Usually the pigment preparation obtained from spinach has a Chl a/b ratio of 3:1 and a Chl/car ratio of 2.9:1. This ratio typically produces a reconstituted protein with the same properties as the native one. However, adjustment of the Chl a/b ratio by the addition of purified Chl a or b can influence the binding of different pigments due to varying selectivity of the binding sites [30] [31] [32] [33] . This is possible because most of the pigment binding sites are not completely selective for Chl a or Chl b, but can accommodate both, although with different affinity 10, 30, 34 . In a similar way, the carotenoid binding sites were also shown to be able to accommodate more than one Xanthophyll species 8, [35] [36] [37] [38] . Different reconstitutions of CP26, another pigment-protein complex of higher plants, using various pigment compositions are shown in Table 2 39 . These reconstitutions were used to assess the affinity of binding sites for particular pigments 39 . It is interesting to note that in order to obtain a complex with the same pigment composition as the native one, the Chl a/b ratio of pigment mix must be 3:1. This seems to be the case for all LHC complexes of higher plants 20, 40 .
The combination of molecular biology with the reconstitution technique allows the properties of a Chl-binding complex to be studied in more detail. The importance of different protein domains on the stability and folding of the complexes, or their involvement in the protein-protein interactions, have been determined by truncating the apoprotein or performing random mutagenesis 8, [41] [42] [43] [44] . Single amino acid residues important for the coordination of different pigments can be altered through site-directed mutagenesis in order to analyze the properties of individual pigments or assess their contribution to the function and stability of the complex 10, 28, 29, [45] [46] [47] [48] [49] [50] [51] [52] . Figure 6 shows reconstituted Lhcb4 (CP29) with a mutation of the histidine at position 216 53 . A comparison of the pigment composition of wildtype and mutant complexes shows that the mutation induces the loss of one Chl a molecule, indicating that the targeted site accommodates a Chl a in the WT complex. The differences of the absorption spectra of WT and mutant, upon normalization to the pigment content, also shows the absorption properties of the lost pigment. In this case, the difference can be seen in the main peak at 680 nm, indicating that the Chl a coordinated by His216 absorbs at this wavelength (for more details about this mutant and the spectroscopic properties see Mozzo et al. 2008 53 ). Mutation analysis can also be used to determine the effect of the environment on the spectroscopic properties of the pigments 54 .
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